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Abstract. The impact of Mexico City (MCMA) emissions
is examined by studying its effects on air quality, photo-
chemistry, and on ozone production regimes by combining
model products and aircraft observations from the MILA-
GRO experiment during March 2006. The modeled inﬂu-
ence of MCMA emissions to enhancements in surface level
NOx, CO, and O3 concentrations (10–30% increase) are con-
ﬁned to distances <200km, near surface. However, the ex-
tent of the inﬂuence is signiﬁcantly larger at higher altitudes.
BroaderMCMAimpacts(some900kmNortheastofthecity)
are shown for speciﬁc outﬂow conditions in which enhanced
ozone, NOy, and MTBE mixing ratios over the Gulf of Mex-
ico are linked to MCMA by source tagged tracers and sensi-
tivity runs. This study shows that the “footprint” of MCMA
on average is fairly local, with exception to reactive nitro-
gen, which can be transported long range in the form of
PAN, acting as a reservoir and source of NOx with impor-
tant regional ozone formation implications. The simulated
effect of MCMA emissions of anthropogenic aerosol on pho-
tochemistry showed a maximum regional decrease of 40%
in J[NO2→NO+O], and resulting in the reduction of ozone
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production by 5–10%. Observed ozone production efﬁcien-
cies are evaluated as a function of distance from MCMA, and
by modeled inﬂuence from MCMA. These tend to be much
lower closer to MCMA, or in those points where modeled
contribution from MCMA is large. This research shows that
MCMA emissions do effect on regional air quality and pho-
tochemistry, both contributing large amounts of ozone and its
precursors, but with caveat that aerosol concentrations hinder
formation of ozone to its potential due to its reduction in pho-
tolysis rates.
1 Introduction
Megacities are deﬁned as metropolitan areas with more than
10 million people (Gurjar and Lelieveld, 2005). This high
concentration of urban dwellers generates challenging con-
ditions for government: trafﬁc congestion, solid and liquid
waste disposal, drinking water supply, and bad air quality
(Mayer, 1999; Lynn, 1999). Projections suggest that these
problems will worsen as more people are migrating from ru-
ral to urban areas (Saier, 2008), especially in the developing
world, where most new megacities are located. In addition
to the adverse impacts on ecosystems and human health at
local scales, megacities may also have noticeable impacts on
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regional air quality and photochemistry (Mage et al., 1996;
Guttikunda et al., 2001, 2003; Madronich, 2006).
Mexico City Metropolitan Area (MCMA), with a popula-
tion of 20 million, is located at 2200m above sea level and
has complex constraining topography. Its physical proper-
ties generate conditions for low combustion efﬁciency and
entrainment of pollutants. Additionally trafﬁc congestion, a
relatively old vehicular ﬂeet, and the concentration of eco-
nomic and industrial activity make it one of the most polluted
cities in the world (Molina and Molina 2002; Molina et al.,
2007). Megacities such as MCMA are also the source of con-
siderable amounts of particulates, which affect photochemi-
cal reactions involved in ozone production and destruction
(Carslaw and Carlslaw, 2001) mainly by altering the amount
of radiation involved in photochemical reactions. For exam-
ple a study in the MCMA showed that observed photolysis
rates of NO2 at an urban site were 10–30% lower than at a
nearby rural site (Raga et al., 2001). Model sensitivity stud-
ies in Asia and North America have shown that regional pho-
tochemistrycanbealteredbyas muchas20%inthepresence
of aerosol (Tang et al., 2003; Li et al., 2005).
An intensive atmospheric chemistry measurement cam-
paign denominated MILAGRO (Megacity Initiative: Local
and Global Research Observations) (Fast et al., 2007; Molina
et al., 2008) was carried out during March, 2006, collect-
ing chemical and meteorological data in the MCMA and sur-
rounding areas. Besides the use of ground-based measure-
ment platforms, the campaign included multiple aircrafts:
DC-8, and J-31 supported by NASA, C-130 supported by
NCAR-NSF, G-1 and B200 supported by DOE, and a Twin
Otter supported by the US Forest Service and NSF. This pa-
per focuses on the analysis of observations from the C-130
and DC-8. The spatial coverage, maneuverability and sam-
pling strategies for these aircrafts were different. The C-
130 sampled near and within the city, performing zig-zags
and spirals at multiple altitudes with an altitude range from
0–6.5km above mean sea level (MSL), with most measure-
ments being taken in Mexico City or the Gulf of Mexico.
The DC-8 performed direct ﬂights from Houston, TX, with
limited spirals, and a higher altitude range (0-12km above
MSL). With the different spatial coverage, these aircraft sam-
pling strategies intended to evaluate the regional inﬂuence
of MCMA emissions on a regional (C-130), and continental
(DC-8) scale.
In this paper we examine the impact of MCMA’s emis-
sions on ozone production focusing on interactions between
ozone precursor concentrations and photochemistry. Using
a combination of observations and model sensitivity analy-
ses we estimate MCMA’s “air quality” footprint. The area
required to provide water, food, energy and waste manage-
ment services to a megacity has been deﬁned as the ecolog-
ical footprint, which has been estimated to be signiﬁcantly
larger than the city itself (Valentine and Heiken, 2000). Here
we extend such analysis to look at the “air quality footprint”
of the MCMA emissions, which we deﬁne as the geograph-
ical extension of discernible enhancements (contributions)
of concentrations and photochemical rates attributable to the
MCMA.
2 Methods
2.1 Model description
2.1.1 Meteorological and chemical transport model
In this campaign we used the STEM-2K3 model (Carmichael
et al., 2003) to carry out air quality forecasting simula-
tions to provide support and context to aircraft observa-
tions during the campaign. This chemical transport model
(CTM) features full chemistry calculations using a lumped
species SAPRC99 chemical mechanism (Carter, 2000) in
conjunction with the TUV(Tropospheric Ultraviolet Radi-
ation Model) (Madronich et al., 1992) on-line photolysis
model and the SCAPE II (Simulating Composition of At-
mospheric Particles in Equilibrium aerosol solver(Kim et
al., 1993, 1995, 2003). The calculation of the photoly-
sis was two-way coupled with other chemical modules, in-
cluding inputs of concentrations of aerosols and gas phase
species, and outputs of 30 photolysis rates deﬁned by the
SAPRC99 mechanism. The STEM-2K3 model was driven
by the WRF V2.1.2 (Weather Research Forecasting) mete-
orological model (Grell et al., 2005), using the NCEP (Na-
tional Center for Environmental Prediction) Global Forecast-
ing System (GFS) 1◦×1◦ analyses for meteorological bound-
ary conditions (NCEP, 2003). For this study the model sim-
ulations used two nested domains, the outer using a 60km
resolution, 100 cells in East-West direction, and 64 cells in
North-South direction, with an inner domain using a 12km
resolution, 110 cells East-West, and 95 cells North-South.
The model had 21 vertical layers, extending from the surface
to 100 hPa, with 10 of the levels representing altitudes from
surface to 1km above the terrain. The Grell-Devenyi ensem-
ble cumulus parameterization (Grell, 1995), the YSU plane-
taryboundarylayerparameterization(Hongetal., 2006), and
the NOAH land surface model (NOAA, 2005) were used for
the WRF runs. In addition, tagged non-reactive tracer cal-
culations were performed to qualitatively assess the contri-
bution of geographical areas and source categories (MCMA,
NorthernMexico, SouthernMexico, CentralAmerica, Texas,
Central America, Asia, South East United States, biomass
burning, large point sources, total anthropogenic CO, bio-
genic CO) to CO mixing ratios.
The simulation period was March 2006, with an additional
one week spin-up.
2.1.2 Emissions inventories and boundary conditions
The model runs used a high resolution emissions inven-
tory for the MCMA developed by Universidad Nacional
Aut´ onoma de M´ exico (UNAM) for 1999 (Tie et al., 2007),
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Table 1. Summary of total emissions for MCMA for base model run (modiﬁed from UNAM emissions inventory 1999).
Sector PM10 PM2.5 SO2 CO NOx VOC’s NH3
Industry 3916 651 3284 6443 9869 62756 196
Services and area 10801 1962 41 7731 5831 119109 13543
Transportation 4768 3748 3321 1777907 73986 101144 3775
Vegetation 1201 261 N/A N/A 313 9683 N/A
Total 20686 6622 6646 1792081 89998 292692 17514
which included speciated VOC which were lumped into
the SAPRC99 VOC categories. Table 1 shows a sum-
mary of the emissions used in this study separated by sec-
tor. For surrounding areas of MC, south of 21◦ N the Emis-
sion Database for Global Atmospheric Research (EDGAR
2.0) 1◦ resolution anthropogenic area emissions inventory
for 1990 was used (Olivier et al., 2002). For the six states
in Mexico that share a border with the US (Baja California,
Sonora, Chihuahua, Coahuila, Nuevo Le´ on, and Tamaulipas)
a 36km resolution anthropogenic emissions inventory from
the BRAVO (Big Bend Regional Aerosol and Visibility Ob-
servational) study (Kuhns et al., 2005) was used. Biomass
burning emissions of CO were provided by the an ecosys-
tem based wild ﬁre emissions processor (Pierce et al., 2007)
which is part of the RAQMS (Regional Air Quality Model-
ing System) model (Pierce et al., 2005). Biogenic emissions
were estimated using BEIS 2 (Biogenic Emissions Inventory
System) (Geron et al., 1994) that generates time-variable iso-
prene and monoterpene emissions driven by meteorological
variables, in this case from WRF simulations
Chemical boundary conditions were obtained from the
Model for Ozone and Related Chemical Tracers (MOZART)
(Horowitz et al., 2003), which was run by NCAR at a 0.7◦
resolution using MOPITT assimilated CO concentrations for
the same modeling period (March 2006) (Pﬁster et al., 2005).
2.2 Interpolation of observations
Aircraft measurements provide a unique opportunity to col-
lect three dimensional observations of multiple chemical and
meteorologicalparameters. Plottingtheseobservationsalong
ﬂight tracks allow us to infer outﬂow patterns from the cities.
However, interpolating these observations horizontally high-
light these patterns even more. In this study we interpo-
lated aircraft observations using kriging (Krige, 1951) for the
nearest 50 observations and an isotropic exponential semi-
variogram. Interpolations were performed using ArcView
9.2 Geostatistical Analyst. This method, which has been
used before in interpolating point bias estimations for air-
craft observations during INTEX-NA (Mena-Carrasco et al.,
2007), is only valid if the uncertainty of the method (subject
to the sampling strategy, and the data) is signiﬁcantly lower
than the range of the interpolated values, which was the case
for the analysis presented below.
3 Results and discussion
Theregional impactsof MCMAare analyzedin twodifferent
categories: impact on air quality levels (again, focusing on
O3, NO2, and CO) and impact on photochemistry. While in-
terrelated, these impacts are analyzed separately to estimate
various aspects of the air quality “footprint” of MCMA emis-
sions, which we deﬁne as the geographical extension of dis-
cernible enhancements (contributions) on concentrations of
pollutants, or on photochemical rates. Before any conclu-
sions or results can be presented, it is necessary to establish
that the model performance is adequate.
Table 2 shows a summary of some species correlation co-
efﬁcients for ozone and some of its precursors support the
conclusions drawn from this study. The base model run used
in this study was the result of improvements of model per-
formance after the forecast stage of the campaign, focusing
on updating boundary conditions from global models and an-
alyzing model bias associated to emissions inventory errors
(and how ozone precursor errors were correlated to ozone er-
rors) (Mena, 2007). In general the model does a good job in
predicting the ambient levels of the trace gases (correlation
coefﬁcients of ∼0.6 for all science ﬂights), and in capturing
the variability (i.e., the predicted and observed variability are
very similar as measured by the ratio of the standard devi-
ation divided by the mean values). Further details on the
model performance can be found in a separate paper that fo-
cuses on model performance during the forecast stage, and
improvements made by updating emissions inventories and
boundary conditions. Indeed, it is apparent that there is room
for further improvement. However, for the speciﬁc analyses
illustratedinthispaper, modelperformancewassubstantially
better (R>0.8) providing better support for our ﬁndings.
3.1 Modeled contribution of MCMA to pollutants
There are many ways to estimate the impact of the emis-
sions from the MCMA. For this project the effects of MCMA
on the regional distributions of pollutants calculated as the
difference between mixing ratios of modeled species with
and without MCMA emissions, normalized to mixing ratios
without MCMC emissions. Figure 1 shows the mean day-
time contribution of MCMA to near surface mixing ratios
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Table 2. Model performance statistics for selected species during MILAGRO. C-130 Platform. 0–6km range, ﬂights 1–13.
O3 (n=4066) CO (n=3213) C3H8 (n=3936) ARO1 (n=1176)
Obs Mod Obs Mod Obs Mod Obs Mod
Mean 58.73 66.12 146.86 184.72 1.84 1.98 0.27 0.34
SD/mean 0.33 0.29 0.58 0.46 1.77 1.84 2.00 2.68
R 0.58 0.67 0.75 0.64
MNB 0.10 0.25 0.07 0.26
NOx(n=4226) NO(n=4259) NO2(n=4312) NOy(n=3936)
Obs Mod Obs Mod Obs Mod Obs Mod
Mean 0.82 0.51 0.16 0.12 0.65 0.38 2.99 3.57
SD/mean 4.40 2.70 2.87 3.75 2.85 2.73 1.53 1.45
R 0.70 0.55 0.71 0.63
MNB% −0.38 2.1 −0.41 0.19
SD: standard deviation. MNB: Mean normalized bias percentage, calculated as mean bias divided by mean average times 100.
ARO1: Based on SAPRC99 speciation, it is deﬁned as the sum of benzene and toluene.
Figure 1  Calculated effect of Mexico City on mean 18Z mixing ratios for March, 2006. Top left: Mean % contribution to near surface NO2. Top center: CO. Top right: O3. Bottom 
left: Mean % contribution to NO2 for 3km above surface level. Top center: CO. Top right: O3 . Contribution calculated as difference between simulated values with and without 
Mexico City emissions.
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Fig. 1. Calculated effect of Mexico City on mean 18Z mixing ratios for March 2006. Top left: Mean % contribution to near surface NO2.
Top center: CO. Top right: O3. Bottom left: Mean % contribution to NO2 for 3km above surface level. Top center: CO. Top right: O3.
Contribution calculated as difference between simulated values with and without Mexico City emissions.
of NO2, CO, and O3 for 1–31 March 2006. These results
indicate that the impact varies by species, with the largest
effects found for the primary pollutants. For example, lo-
cally (less than 100km from the Distrito Federal) the near
surface contribution of MCMA to the primary pollutants CO
and NO2 is greater than 50%. Signiﬁcant contributions from
MCMA emissions on near surface levels of NO2 and CO
(20–50% for NO2 and 10–20% for CO) can extend ∼200km
north, based on model results. In the lower-mid troposphere
(3km layer, shown in bottom panels) smaller contributions
of MCMA emissions to CO and NO2 (5–10% and 10–20%
contribution, respectively) can extend up to ∼300km north
and south of the city, with those contributions to NO2 reach-
ing Tampico). The MCMA contribution is highest for the
short lived species (e.g., NO2), but it is also more geograph-
ically conﬁned. In contrast, for longer-lived species (e.g.,
CO), the regional emissions are higher, and the contributions
from the MCMA are smaller, but are spread over greater dis-
tances. The MCMA contribution to ozone levels is quali-
tatively similar to those for CO, and smaller than those for
Atmos. Chem. Phys., 9, 3731–3743, 2009 www.atmos-chem-phys.net/9/3731/2009/M. Mena-Carrasco et al.: Assessing the regional impacts of Mexico City emissions 3735
NO2. The magnitude and structure of the ozone response
reﬂects non-linearities in the ozone chemistry.
A day to day analysis shows that these patterns present
great variability in terms of the extension and the intensity of
the contribution of Mexico City emissions on surrounding ar-
eas(focusingon%contributiontoNOy, whichinawayserve
as a tracer for NOx emissions). Comparing near surface con-
tributions (Fig. 2) to mid troposphere contributions (Fig. 3)
the MCMA inﬂuence is largest and most widespread at 3km
(with most of NOy in the form of PAN, not shown). Modeled
contributions from 20 to 50% in this layer are shown to ex-
tend well outside the boundaries of the country, both into the
Paciﬁc Ocean and the Gulf of Mexico. The MCMA regions
of inﬂuence vary day-by-day in terms of narrow and concen-
trated plumes (e.g., Fig. 3, 12 and 19 March) to more dis-
perse features (e.g., 14 March). Narrow plumes on the 3km
layer occurred in 9 out of 31 modeled days, while more dis-
perse plumes occurred in the remaining 22 days. Therefore
stronger outﬂow from the city can be categorized as occa-
sionally frequent. Further discussions of the MCMA plumes
are presented below.
3.2 18–19 March 2006 long range transport event
Speciﬁc synoptic features, such as a prevailing high pressure
system over the Gulf of Mexico, and a low pressure system
over Northwestern Mexico can favor transport events that
can extend the region of inﬂuence of MCMA emissions on
a regional scale, i.e., the 18–19 March 2006 period in which
persistent westerly and southwesterly winds created favor-
able conditions for distinct long range transport (Fast et al.,
2007). An important question that MILAGRO set out to an-
swer was over what geographic scales can the effects of the
MCMA plume be identiﬁed? In this section we explore vari-
ous methods to establish the spatial extent of the plume using
observations and modeling products, focusing on 19 March
2006. On this day the C-130 ﬂew to intercept fresh emissions
near the source, and then out into the Gulf of Mexico to in-
tercept aged MCMA emissions (from previous days). This
ﬂight was chosen because while other ﬂights do show simi-
lar results in concentration enhancements attributable to the
MCMA closer to the city, this was the only day in which
strong predicted outﬂow combined with a sampling strategy
to capture the outﬂow over the Gulf of Mexico.
3.2.1 Interpolation of observations along ﬂight track to
illustrate outﬂow plume
Kriging was used to highlight the outﬂow pattern during
the event, using O3, NOy, and methyl tertiary-butyl ether
(MTBE) observations, the latter is a gasoline oxygenate
linked to mobile source emissions that has a half life of 3 to
6 days (Achte, 2002). The results are shown in the top panels
of Fig. 4. Shading in the ﬁgures represents the uncertainty of
the interpolation method, which depends on the geographi-
cal distribution of the data. In this case uncertainty is sub-
stantially lower than the observations in the plume (15ppb,
1.5ppb, 5ppt for O3, NOy and MTBE respectively). This
method works under the assumption that the sampling cap-
tures largely the horizontal geospatial variations of the chem-
ical species and that over the duration of the observations that
thegeospatialdistributionsareconstantintime. Thesecondi-
tions are satisﬁed as the sampling strategy for this ﬂight was
to look speciﬁcally at the MCMA plume, and the sampling
horizontal velocity of the aircraft is roughly 20 times faster
(mean value of 125±0.47m/s for a 95% conﬁdence interval)
than the transportation of pollutants (mean wind velocity of
6.79±0.15m/s for a 95% conﬁdence interval). The top pan-
els show plumes of O3, NOy and MTBE near MCMA and
also off the coast of Texas. On this day the MCMA plume
was being transported towards the north-northeast, and the
C130 followed the plume to the coast. The ﬂight continued
out over the Gulf of Mexico and sampled the aged MCMA
plume. The plume like structure is identiﬁed in the krieged
ﬁelds and is similar to that predicted by the MCMA foot-
prints, which are also shown in Fig. 4 (lower panels). These
results suggest that the observation of the MCMA plume can
be observed out to 900km. The center right panel shows the
ratio of observed NOx to NOy. This ratio is high in MCMA
reﬂecting fresh emissions. The value decreases with distance
from the megacity, as the plume photochemical ages. When
the aircraft encountered MCMA plumes transported over the
Gulf on the previous day the ratio increased. In these older
NOy is mostly in the form of PAN, suggesting that the ther-
mal decomposition of PAN may be an important source of
NOx, which contributes to additional ozone formation along
the outﬂow, in agreement with work by Emmons (to be sub-
mitted).
3.2.2 Time series of modeled and observed values along
ﬂight track
Through the combination of the measurements and models
it is possible to develop strategies to identify individual ob-
servations that are impacted by the MCMA. For example the
model predictions of MCMA impact can be sampled along
the ﬂight paths, merged with the observational data, and then
used as a ﬁlter to collect data that meet speciﬁed design cri-
teria. An example is shown in Fig. 5, where observed and
predicted O3 and NOy mixing ratios are plotted along the
ﬂight path for the 19 March ﬂight discussed above. Each
predicted data point is colored by the % contribution of the
MCMA tracer to CO. The predicted values of O3 and NOy
agreereasonablywell(R=0.72forO3 and0.76forNOy)with
the observations and capture much of the observed struc-
ture and variability. The results indicate the contributions
of the MCMA vary signiﬁcantly along the ﬂight path. Near
the MCMA local emissions dominate as shown by the high
MCMA contributions at 12:00–13:00 and 18:00–19:00 lo-
cal time (LT). As as discussed above and shown in Fig. 4,
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Figure 2 Calculated effect of Mexico City emissions on 18 Z mixing ratios of NOy for March 1-31, 2006, shown as the % 
contribution for the near surface layer. Contribution calculated as percent difference between simulated values with and without 
Mexico City emissions. 
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Fig. 2. Calculated effect of Mexico City emissions on 18Z mixing ratios of NOy for 1–31 March 2006, shown as the % contribution for the
near surface layer. Contribution calculated as percent difference between simulated values with and without Mexico City emissions.
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Figure 3  Calculated effect of Mexico City emissions on 18 Z mixing ratios of NOy for March 1-31, 2006, shown as the %
contribution for the 3km above surface vertical layer. Contribution calculated as percent difference between simulated values
with and without Mexico City emissions
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Fig. 3. Calculated effect of Mexico City emissions on 18Z mixing ratios of NOy for 1–31 March 2006, shown as the % contribution for
the 3km above surface vertical layer. Contribution calculated as percent difference between simulated values with and without Mexico City
emissions.
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Figure 1 Interpolated observations through kriging for C-130 March 19, 2006 flight. Top Left: MTBE  Right: NOy. Center left: 
O3, Center right: NOx/NOy, Calculated effect of Mexico City on regional air quality.  Shaded area represents method uncertainly 
for NOy (1500 pptv), NOx (800pptv) and O3 (15 ppbv) Bottom Left: Simulated contribution to mean 1-5.4 km NOy. Bottom 
Right:  Simulated percent contribution to March 19, 2006 (21Z) 1-5.4km mean ozone, calculated as the difference in mixing 
ratios with and without Mexico City anthropogenic emissions. 
  1
Fig. 4. Interpolated observations through kriging for C-130 19 March 2006 ﬂight. Top Left: MTBE Right: NOy. Center left: O3, Center
right: NOx/NOy, Calculated effect of Mexico City on regional air quality. Shaded area represents method uncertainly for NOy (1500pptv),
NOx (800pptv)andO3 (15ppbv)BottomLeft: Simulatedcontributiontomean1–5.4kmNOy. BottomRight: Simulatedpercentcontribution
to 19 March 2006 (21Z) 1–5.4km mean ozone, calculated as the difference in mixing ratios with and without Mexico City anthropogenic
emissions.
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Figure 5 Times series of observed and predicted O3 and NOy along March 19, 2006 C-130 flight 
track. Points are colored by the contribution of Mexico City tracer CO to total tracer CO. Left: 
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Figure 6 Observed ozone production efficiencies, derived from O3+NO2 and NOz observations as 
a function of distance  (Left) and modeled influence of Mexico City emissions (Right) for all C-
130 flights. 
Fig. 5. Times series of observed and predicted O3 and NOy along 19 March 2006 C-130 ﬂight track. Points are colored by the contribution
of Mexico City tracer CO to total tracer CO. Left: O3 (ppbv), Right: NOy (ppbv).
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Figure 6 Observed ozone production efficiencies, derived from O3+NO2 and NOz observations as 
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130 flights. 
Fig. 6. Observed ozone production efﬁciencies, derived from O3+NO2 and NOz observations as a function of distance (Left) and modeled
inﬂuence of Mexico City emissions (Right) for all C-130 ﬂights.
during this ﬂight elevated levels of ozone and NOy (60 and
∼2ppbv, respectively) were observed off the coast of Texas.
This sampling period corresponds to period 15:00–16:00LT
in Fig. 5. For these points the emissions from the MCMA
show a ∼50–60% modeled contribution to CO. Application
of this screening approach are presented in the following sec-
tion.
3.2.3 Impact of MCMA emissions on ozone formation
and regional photochemistry
The effect of MCMA emissions on ozone formation can
be either as its contribution to precursors, or by its effect
on the photolysis rates involved in ozone formation. To
quantify this effect we calculate ozone production efﬁciency
(OPE) (Kleinman, 2002), deﬁned as the amount of odd oxy-
gen vs. NOx lost (sum of odd oxygen NO2+O3 vs. NOz). Ob-
served ozone production efﬁciencies for all the C-130 ﬂights
are shown in Fig. 6. The data are identiﬁed by distance from
MCMA (left panel) and by contribution from MCMA emis-
sions (right panel). Near the city, ozone production efﬁcien-
cies are lower than at further from the city (4.9 vs. 7.9 respec-
tively, calculated as the slope of the plot separated among ob-
servations within and beyond 100km from the city). Simi-
larly, categorizing observations with large MCMA inﬂuences
(using over 30% modeled contribution to NOy as the met-
ric for signiﬁcant MCMA contribution) we see that OPE is
lower than those with smaller MCMA inﬂuences (5.3 vs. 6.9
respectively). These effects are expected as high NOx mixing
ratios, tend to form nitric acid (HNO3, a component of NOz)
under a VOC limited ozone production regime (Tie et al.,
2007), making ozone production less efﬁcient. Also, while
www.atmos-chem-phys.net/9/3731/2009/ Atmos. Chem. Phys., 9, 3731–3743, 20093740 M. Mena-Carrasco et al.: Assessing the regional impacts of Mexico City emissions
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Figure 7 Calculated modeled effect of aerosol loading on photolysis rate of NO2 and O3 
formation calculated as difference between model runs with and without aerosol (NOOAD vs. 
base case) for 12km STEM, March 10, 2006, at 21UTC.  Top panels calculated at surface layer; 
Bottom panels calculated at 3km  
 
Fig. 7. Calculated modeled effect of aerosol loading on photolysis rate of NO2 and O3 formation calculated as difference between model
runs with and without aerosol (NOAOD vs. base case) for 12km STEM, 10 March 2006, at 21:00UTC. Top panels calculated at surface
layer; Bottom panels calculated at 3km.
the MCMA plume shows VOC limited conditions, it does
still present large VOC concentrations (Karl et al., 2008) and
as it ages forms PAN, hindering O3 formation locally, but
downwind acts as a remote source of NOx refueling ozone
formation (Emmons et al., 2009).
Another important consideration in regards to ozone pro-
duction and photochemical activity is the role of aerosols.
Mexico City is a large source of absorbing and scattering
aerosol (Marley et al., 2007). The aerosols impact the pho-
tochemistry in various ways. One important impact is that
the aerosol changes the photolysis rates. In order to evaluate
the effect of MCMA aerosol on photochemistry and ozone
formation, sensitivity runs were performed analyzing the dif-
ference between a full chemistry run and a run in which the
effect of aerosol on the online calculated photolysis rates is
excluded (No-AOD run). For this case we focused on the
10 March 2006 outﬂow event. The general features for this
day are shown in Figs. 2 and 3. It was found that for J[NO2]
(the most direct photochemical ozone formation reaction),
aerosols were found to reduce the photolysis rates by up to
40% in areas downwind of MCMA to the NE, and reduce
ozone mixing ratios by as much as ∼5–10%. This amounts
to changes in ozone levels between 5 to 10ppb. The large re-
gional extent of the effect of aerosols on the photochemistry
is due to the fact that in megacities aerosol and ozone precur-
sors are co-emitted and are transported together, leading to a
prolonged inﬂuence on photochemistry (Tang et al., 2003).
However these impacts may indeed be underestimated, if
we look at how the model captures the effect of aerosols on
photolysis. If we try to show the spatial distribution of point
bias calculations interpolated for all ﬂights (Fig. 8) we see
that photolysis rates are overpredicted between 10 to 50% es-
pecially near MCMA. These results suggest that the modeled
effect of aerosol on photochemistry is most likely a conser-
vative estimation. A major cause of the underestimation of
the impact of aerosols may be due to the underprediction in
emissions in wind blown dust and biomass burning, which
are represented in the model with a high degree of uncer-
tainty. Both dust and biomass burning aerosols were ob-
served at high levels during this time period in and around
the city. Thus high aerosol concentrations clearly contribute
to low ozone production efﬁciency near the MCMA due to
Atmos. Chem. Phys., 9, 3731–3743, 2009 www.atmos-chem-phys.net/9/3731/2009/M. Mena-Carrasco et al.: Assessing the regional impacts of Mexico City emissions 3741  
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Fig. 8. Interpolated point percent bias of J[NO2→NO+O] modeling for values extracted along C-130 ﬂight tracks using kriging, n=3500 for
all science ﬂights.
the reduction in photolysis rates, which extend NOx lifetime
within the city. The low photolysis rates also increase the
lifetime of NO2, thus pushing peak ozone production farther
downwind.
4 Conclusion
These results show that the MCMA emissions have a dis-
cernible impact in regional air quality and photochemistry
represented by contributing to the majority of local CO and
NO2, along with of 10–30% of CO and NOy within 200km.
Broader geographical MCMA impacts (some 900km North-
east of the city) are shown for speciﬁc outﬂow conditions
(19 March 2006, C-130 ﬂight) in which enhanced ozone,
NOy, and MTBE mixing ratios over the Gulf of Mexico
are linked to MCMA by tagged tracers using a chemical
transport model, which captured the majority of observations
with little bias and high correlation coefﬁcient. The effect
of aerosols on photochemistry and ozone formation can be
large; e.g., photolysis rates of NO2 can be reduced region-
ally by up to 40%, while ozone formation can be reduced
by 5–10% near the surface. In addition, observed ozone
production efﬁciency is lower near MCMA (<100km) than
surrounding areas. Similarly airmasses under large MCMA
inﬂuence also show lower ozone production efﬁciency than
those with smaller MCMA inﬂuence. This research shows
that MCMA emissions impact the regional environment in
important ways with broad inﬂuences on air quality, pho-
tochemistry, and ozone production. However, these inﬂu-
ences vary signiﬁcantly with synoptic conditions, also be-
coming more subtle with distance. Thus the establishment
of the air pollution footprint of megacities in general, and
MCMA speciﬁcally, is a challenging problem, and one that
cannot be determined by observations themselves. Here we
show that the use of novel interpolation of aircraft observa-
tions through kriging, in conjunction with model products,
can provide geographical context and qualitative categoriza-
tion of the inﬂuence of MCMA emissions. While there are
inherent uncertainties in models in terms of boundary condi-
tions, emissions inventories, and transport, these have been
evaluated and support insight provided by these. This re-
search shows that while MCMA emissions have a discernible
effect on regional air quality and photochemistry, both con-
tributing large amounts of ozone and its precursors (10–30%
modeled enhancements), and aerosol concentrations that hin-
der formation of ozone to its potential due to its reduction in
regional photolysis rates.
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